












Angular filtering by Bragg photonic microstructures fabricated by 
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Abstract 
We propose and experimentally demonstrate spatial filtering by photonic crystals in a 
Bragg configuration. Compared to the Laue configuration, where spatial filtering was 
already demonstrated before, the Bragg configuration is more technologically 
challenging, as the longitudinal periods of such structures must be shorter than the 
operational wavelength. The proposed configuration is designed and analyzed by FDTD 
simulations and the multilayer structure is fabricated by physical vapour deposition on 
the microstructured substrate. The measurements of the angle/wavelength transmission of 
the fabricated structure show the signatures of the angular filtering. 
1. Introduction 
The idea of the angular/spatial filtering by photonic crystals (PhCs) relies on selective 
diffraction of light from the double-periodic photonic structures. The angular components 
of the incident light at resonance with the transverse and longitudinal periodicities of the 
structure diffract efficiently and they are removed from the zero-diffraction order of the 
transmitted beam. On the other hand, the angular components that are out of the 
resonance propagate unaffected or weakly affected by the photonic structure. Therefore, 
the angular/spatial filtering (low-angle-pass or high-angle-pass filtering) can be obtained 
by a proper interplay between the longitudinal and transverse periodicities, i.e., by a 
suitable geometry of the PhCs.  
The spatial filtering by the PhCs was theoretically predicted [1–3] and experimentally 
demonstrated [4,5]. In particular, the PhCs filtering has been already implemented for 
intracavity angular filtering in microchip lasers, where the beam spatial quality was 
substantially improved and the brightness of the emission was increased [6]. Due to small 














such PhC filtering shows itself as an attractive alternative solution for conventional 
techniques, where the filtering is achieved by a confocal arrangement of lenses with the 
filtering diaphragm in a focal plane.  
On the other hand, apart from conventional filtering, there have been attempts to apply 
more sophisticated schemes for the light manipulation, in particular by using passive 
[7,8] or light-induced [9–11] Bragg gratings. However, the latter approach uses an 
additional laser source. To the best of author’s knowledge, the filtering was demonstrated 
only using cold gases, which limits its applicability in the microoptical systems. 
Population density gratings can also be induced by using optical pulses in a nonlinear 
medium that does not require an additional laser source [12].  These alternative methods, 
however, require complex designs and additional optical components that limit their 
applications, especially in the microlaser systems. On the contrary, the PhCs based 
angular filters are extremely compact. Hence, they are especially promising solutions for 
the intracavity use in the microlasers. 
The PhC filters so far were designed and fabricated to work in Laue diffraction regime 
where the waves diffract predominantly in a forward direction as schematically illustrated 
in Fig.1(a). In general, the Laue regime occurs for dz > λ . In this case, no full photonic 
band gap exists. As the wave propagates through the PhC in Laue regime, the periodic 
revivals called Rabi oscillations occur between the zero- and first- diffracted orders 
(Fig. 1 (d)). For this reason, the length of the structure must be selected precisely for to 
get efficient filtering. The advantage of the Laue regime is that the lattice periods are well 
achievable by optical fabrication techniques in organic/inorganic materials [13–15], as 
the PhC periods along the optical axis dz are in the range of tens of microns, and along 
the transverse directions dx,y  - of several microns.  
The spatial filtering is also possible in the so-called Bragg regime (Fig.1(b)). Here the 
length of the structure is less critical, as the Rabi oscillations between filtered and 
unfiltered modes do not appear. and, instead, exponential decay of the filtered modes 
occur (Fig.1(e)). In the Bragg regime dz < λ (most typically dz ≈ λ/2), the optical 
fabrication techniques can be hardly implemented. Holographic methods, despite 
promising experiments [16,17], require ultraviolet sources and complicated optical 
designs. Therefore, their use for the PhC fabrication is very restricted, especially when 
the two-dimensional (2D)/three-dimensional (3D) volume gratings are required. Here, the 
physical vapour deposition method can be considered as a promising alternative solution 
for fabrication of such spatially filtering photonic structures in Bragg regimes. The thin 
film deposition methods have been demonstrated to be able to control the thickness and 
optical parameters at high accuracy [18]. Additionally, evaporation techniques, equipped 
with glancing angle deposition method, showed promising results in forming 
microstructures on structured substrates [19].  
Other approaches of spatial filtering by photonic microstructures include the use of 
resonant gratings [20], 1D and 2D PhCs [21–24], graded index PhCs [25], metallic grids 
[26] and bi-dimensional doubly periodic gratings [27]. However, all these approaches are 















Fig.1. The principles of PhC angular filtering in (a) Laue and (b) Bragg configurations. The 
incident wave, with the wavevector indicated by red arrow (kx, kz)=(0, k0), diffracts from the 
double-periodic structure in (c) with the wavevectors (qx, qz). The diffraction is efficient if the 
grating is at resonance, meaning that the wavevectors of the diffracted wave (blue arrows) are on 
the light-circle (or light-sphere in 3D). The diffracted waves in Laue configuration propagate in a 
forward direction and result in periodic energy exchange between the zero and first diffraction 
orders (d), whereas the waves in a Bragg configuration diffract backward, and thus result in an 
exponential decay (and correspondingly the stop-bands) of the incident wave (e). 
The figure illustrates the high-angle-pass filter for simplicity, however evidently, a variation of 
the periods or wavelength results in a low-angle-pass filter. 
In the presented study, we provide an experimental demonstration of the signatures of 
angular filtering in the Bragg configuration for the first time. We fabricate the PhCs on 
micro-textured substrates using physical vapour deposition method. The results 
experimentally prove the concept of spatial filtering but they do not lead to the ideal 
filtering performance yet, wherein the filtered waves are 100% attenuated. The main 
reason for that has become apparent in the process of the theoretical/experimental studies 
and is basically caused by too large transverse periods, and too small depth of the 
structures (too few longitudinal periods). Therefore, in concluding part of the article, we 
performed the finite-difference time-domain (FDTD) calculations with “improved” 














and leads to enhanced spatial filtering that can be applied for selected practical 
applications. However, the designed structure with enhanced geometrical properties was 
beyond the available fabrication facilities.  
The article is organized in the following way: after the derivation of the Bragg band-gap 
conditions, we present the FDTD numerical simulation results of the light propagation 
through the structure. For the proper understanding of the experimental results, we 
calculated three versions of multilayered PhC structures for spatial filtering. The first 
version is based on a harmonically modulated substrate profile, and the second one is 
based on a blazed grating (triangular) substrate. Both versions can be realized by 
conformal dielectric coatings on a substrate with a periodic surface profile. The ideal case 
for spatial filtering would be a harmonic (wavy) one, yet the structure with a sufficient 
modulation depth and a smallest available period was the blazed one. Moreover, the real 
fabricated structure when starting from a blazed surface grating develops a smoother, 
almost sinusoidal character towards the outer layers. Therefore, the final result is a 
combination of the both, blazed and sinusoidal modulated versions. In this regard, the 
blazed-rounded structure was also calculated. 
2. Positions of the Band-Gaps 
The conditions for the Bragg bandgaps can be derived from the resonant scattering 
condition by using the simple geometric approach. All waves must satisfy the momentum 
and energy conservation laws. According to the latter, the wave with the wave-vector 
?⃗? 0. = (𝑘0,𝑥, 𝑘0,𝑧), and modulus |?⃗? 0| = 𝜔 𝑐⁄  after diffracting in a periodic structure with 
reciprocal lattice vector 𝑞 = (𝑞𝑥, 𝑞𝑧), results into a diffracted wave with  ?⃗? = ?⃗? 0 + 𝑞 . 
The components of the lattice vector are  𝑞𝑥,𝑧 = 2𝜋 𝑑𝑥,𝑧⁄  (see Fig.1. for the definition of 
the transverse/longitudinal periods 𝑑𝑥,𝑧 ). For efficient diffraction, the new wave with 
wave-vector ?⃗?  must satisfy the energy conservation law too, i.e., must satisfy |?⃗? | =
𝜔 𝑐⁄ = |?⃗? 0|. This means that in isotropic medium the initial as well as the final wave-
vectors must lie on the “light ring”: |?⃗? |
2
= (𝜔 𝑐⁄ )2, as illustrated in Figs. 1(a) and 1(b). 
As a result, a simple geometrical consideration allows us calculating the angles at which 
the Bragg diffraction is most efficient.  
An incident wave propagating at the angle 𝜃𝑖  to the optical axis 
?⃗? 0 = (𝑘0sin⁡(𝜃𝑖), 𝑘0cos⁡(𝜃𝑖)) , diffracting on a grating with  𝑞 = (𝑞𝑥, 𝑞𝑧) , results in 
diffracted wave ?⃗? = ?⃗? 0 + 𝑞 = (𝑘0 sin(𝜃𝑖) + 𝑞𝑥, 𝑘0 cos(𝜃𝑖) − 𝑞𝑧) . The resonance 
condition |?⃗? | = |?⃗? 0|⁡  then leads to the following implicit condition for the Bragg 
diffraction angle:  
2 2
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   (1) 
The Eq. (1) is a convenient tool to interpret the angular diffraction map, i.e., the 














diffraction curve in diffraction map, i.e., the diffraction due to the main harmonics 
𝑞 = (𝑞𝑥, 𝑞𝑧)  of the periodic structure. Considering that the gratings have different 
harmonics of periodicity: 𝑞 𝑛,𝑚 = (𝑚𝑥𝑞𝑥, 𝑚𝑧𝑞𝑧) , different Bragg-diffraction branches 
appear: 
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   (2) 
Here 𝑚𝑥 = ⋯ ,−2,−1,0,1,2, …  corresponds to the diffraction order in the transverse 
direction, and 𝑚𝑧 = 1,2, … corresponds to the harmonics of longitudinal periodicity. The 
Eq. (2) bears an orientational character, showing the qualitative tendencies in the 
diffraction map. In order to quantitatively compare the precise FDTD calculations with 
the experimental results, the Eq. (2) is calibrated by the averaged refraction indices of the 
environments. Corresponding results are given in the following sections.  
3. Design approach and numerical results 
The design of multilayered PhC structure for spatial filtering is schematically represented 
in Fig. 2. The structure consists of alternating multilayers on a substrate where the 
interfaces of the layers are modified as a periodic array of sinusoidal wavy curves. It is 
important to note that for efficient spatial filtering the photonic structure must be 
periodically modulated in both longitudinal and transverse directions. Therefore, due to 
the wavy surface of the substrate, the modulation of the refractive index occurs not only 
in vertical but also in horizontal direction, resulting in a 2D PhC structure. Refractive 
indices of the high (H), low (L) index layers and substrate (Sub) are nH=1.42, nL=1.33 
and nSub=1.5, respectively. The thicknesses of the high and low refractive index layers are 
both equal to 𝑑𝑧/2=120 nm, where the 𝑑𝑧 corresponds to the longitudinal period of the 
structure. The transverse lattice constant (period of wavy curves) is fixed to 𝑑𝑥 =1.67 µm 
and number of layers is equal to NL=33. 
 
Figure 2. Schematic representation of the design approach. (a) 3D view and (b) 2D cross-














vertical period and 𝑑𝑥 denotes the horizontal period. The structure is illuminated with obliquely 
incidence source, and the incidence angle is represented by θi. 
The commercial FDTD software was used for the light-matter interaction analysis in the 
designed structure [28, 29]. Due to the periodicity of the structure in the x-direction, time 
domain calculations were conducted via the supercell approach by assigning periodic 
boundary conditions in the x-direction. The dashed green frame in Fig. 2(b) shows the 
supercell boundaries. Here, the FDTD method solves the Maxwell’s equations by 
infinitely repeating the defined periodical supercell in the x-direction. In order to observe 
the angular filtering property, the proposed structure is illuminated with P-polarized 
plane wave source at a variable angle (-40°<i<40°) and the corresponding zero-order 
transmission is calculated in the range of the wavelengths between 450 nm and 850 nm. 
Note that if radiation from a wide spectral bandwidth source is incident at an oblique 
angle, a phase shift occurs in the frequency domain [30]. Hence, to obtain the wideband 
response with an oblique incident plane wave, the Broadband Fixed Angle Source 
Technique (BFAST) is used in the supercell calculations [31]. The calculated 
transmission efficiencies evidencing the angular dependence are given as a map in Fig. 
3(a).  
As mentioned above, the fabrication of the layered structure was initiated on the blazed 
grating substrate. By considering the fabrication process, we first analyzed a blazed 
layered structure of the same periods. The blazing angle was adjusted as 10° and the 
obtained transmittance map is given in Fig. 3(b). However, in the corresponding map, the 
angular filtering profile was broader in comparison with the presented map for wavy 
structure in Fig. 3(a). Next the blazed-rounded structure was calculated, Fig. 3(c). Here, 
one can see the obtained transmittance wave preserves the characteristics of the 
sinusoidal and blazed structures. Furthermore, for all cases, a cross-sectional profile of 
the intensity transmittance maps is extracted at 𝜆 = 582 nm (denoted by black solid line). 
The obtained results are given for sinusoidal, blazed and blazed-rounded layered 
structures in Figs. 3(d), 3(e) and 3(f), respectively. For the sinusoidal wavy structure, at 
zero incidence angle, we obtain transmission efficiency as high as 96%, and filtering 
bands are present for angles at θi = -10° and 10°, where transmission efficiency is 
decreased to 62%. However, for the blazed case, there is no sign of explicit filtering 
between -10° and 10° degrees. For the blazed-rounded structure, there is an asymmetric 
behavior as expected. Nevertheless, the filtering characteristic angles at θi = -10° and 10° 
are preserved. 
In order to quantitatively compare FDTD-calculated Bragg-diffraction branches with 
analytical predictions, as stated previously, we calibrated Eq.2 by the averaged refraction 
indices of the photonic structure. Obtained results are superimposed with transmission 
maps for both wavy and blazed structures in Figs. 3(a) and 3(b), respectively. 
Analytically calculated Bragg-diffraction branches are denoted by colored dashed lines 















Figure 3. Zero-order calculated transmittance maps for incidence angle θi and wavelength λ for 
structures with 𝑑𝑧  = 240 nm and 𝑑𝑥  = 1.67 µm for (a) sinusoidal, (b) blazed and (c) blazed-
rounded wavy layered structures. Analytically calculated Bragg-diffraction branches are 
indicated by dashed curves. Cross-sectional profiles are shown for the wavelength λ = 582 nm for 
(d) sinusoidal, (e) blazed and (f) blazed-rounded wavy layered structures. The black solid line 
indicates the wavelength of interest. Schematically representations of the sinusoidal and blazed 
wavy layered structures are given as insets in the figure plots. 
4. Experimental study 
4.1 Fabrication and measurement 
The fabrication of the designed structure involved three main steps. First, a PDMS mold 
of a commercially available diffraction grating (with a pitch of 𝑑𝑥  = 1.67 μm) was 
made [32]. Second, a base grating was stamped on a soda-lime glass slides using a UV 
curable hybrid polymer (OrmoComp, nref = 1.52) as the material for the replica. Finally, 
the multilayer coatings were deposited on the base grating, by alternating high and low 
refractive index thin films.  
“Sidrabe” coating system equipped with glancing angle deposition (GLAD) technology 
was used in all evaporation processes. GLAD method allowed us to modulate the 
porosity of the thin films by changing the deposition angle between the substrate normal 
and evaporation flux. This enabled us to vary the refractive index of individual layers 
easily and with high precision [33]. During the coating process, the corrugated substrates 
were placed in a holder constantly rotating around its axis to ensure the conformal 
evaporation. Theoretical modeling indicates that the refractive index difference between 
high and low index layers for optimal spatial filtering should be around 0.12. To reach 














and the vapour flux were 0 and 65 for nH = 1.42 and nL = 1.30 respectively. Based on 
the calculations, the designed structures with NL = 33 and NL = 39 layers were deposited 
starting with the higher refractive index material. The physical thickness of each layer 
was equal to 120 nm (value for 𝑑𝑧/2) and controlled with a quartz crystal monitor. The 
coating processes were started at room temperature, in high vacuum of p0=1.7×10
−5
 mbar 
and 2 sccm of oxygen gas were introduced into the chamber to ensure the oxidation of 
evaporated material. The deposition rate was maintained at 3Å/s. 
Surface morphology of the grated substrate was measured by Dimension Edge atomic 
force microscope (AFM) by Bruker. Height distribution measurements of 20 × 20 μm
2
 
surface areas were performed in tapping mode and in ambient conditions. A commercial 
silicon probe with a tip diameter of < 10 nm (force constant – 40 N/m) was used.  
The inner structure of the samples was characterized using a scanning electron 
microscope (SEM) workstation Helios Nanolab 650. The cross sections were made by 
ion beam milling procedure and later analyzed by SEM. The spectroscopic measurements 
were performed by spectrophotometer Photon RT (Essent Optics). Linearly polarized 
light was used for two perpendicular polarizations: S and P, where S polarization is 
perpendicular to the grating lines on the substrate. The transmission was measured in the 
spectral region from 450 nm to 850 nm at different angles of incidence. The angle 
between the mean plane of grating and the detector was changed from -40° to 40° by 
steps of 2°. 
For characterization, we tested the NL = 39 layer structure by probing it with a divergent 
beam to make sure that the filtering effect can be observed not only for plane waves but 
also for beams with curved wavefronts. We focused an S-polarized Gaussian beam with a 
wavelength of λ = 532 nm with a 2.5 cm focal length cylindrical lens. The beam was 
characterized by a full divergence angle of ~6°. The transmittance was measured onto the 
sample which we mounted on a rotating conical mount. The sample was mounted at 21° 
angle to the incident beam to approximate an effective wavelength of λeff = 570 nm. The 
filtered beam was projected directly on the matrix of a CCD camera at the far-field. The 
angle between the mean plane of grating and the detector was changed from -40° to 40° 
by steps of 1°, and the total spatial transmittance spectrum has been averaged for 
overlapping angular positions.  
4.2 Experimental results 
According to the AFM measurements, the produced blazed substrate pitch was 
𝑑𝑥 = 1.67 µm and the peak to valley height was 150 nm (Fig. 4(a)). After depositing the 
alternating high and low refractive index layers, the blazed surface gradually changed to a 
smooth sinusoidal surface, as can be seen in Fig. 4(b) SEM image of the sample cross-


















Figure 4. (a) AFM 3D plot with its height distribution of the corrugated substrate 
surface. SEM images of fabricated PhC structure (b) cross-section and (c) top view. 
 
The measurements of zero-order angular transmittance profiles are summarized in Fig. 5. 
In Fig. 5(a) and 5(b) we show the complete transmittance map of the structures having 33 
and 39 layers. As expected, the selective decrease in transmittance is more pronounced 
for the structure with a larger number of longitudinal periods. Also, when comparing the 
general trend with the numerical results from Fig. 3, we see a qualitative similarity with 
the predicted results for a harmonic template profile, although there is some asymmetry 
induced by the blazed profile. Ultimately, the result coincides with superimposed maps 
from Fig. 3(a) and Fig. 3(b). We interpret this as a result of the continuous change of each 
individual layer from the blazed to a more harmonic profile (see Fig. 4(b)). 
In Fig. 5(c) we see explicit evidence for the hybrid blazed-to-harmonic structure and how 
much the asymmetry is expressed. For the particular wavelength of λ = 572 nm, 4 
filtering bands are apparent that correspond roughly to ±15° and ±28°. The smaller angle 
filtering band minimum transmittance is 60%. The larger angle resulting from the Bragg 
condition is asymmetric. Transmittance is reduced to 30% and 10%, whereas the zero-
angle transmittance is at around 80%. Fig. 5(d) shows the result when the sample is 
probed with a diverging beam. The transmittance profile is even more clearly 
asymmetric. The bands for positive angles feature transmittance values comparable to the 
zero-angle component, whereas the positive angle bands are in correspondence to Fig. 
5(c). However, all the cases show that we created selective attenuation in a form of 
















Figure 5. Zero-order spatial transmittance maps measured using a collimated beam for a 
fabricated NL = 33 (a) and NL = 39 (b) layer structure. (c) Spatial transmittance profile 
(horizontal cross-section of the map in (b)) measured for the fabricated structure with 
NL = 39 layers, (d) averaged angular transmittance of a sample at a constant tilt 21° 
angle illuminated by a diverging beam with fixed wavelength λ = 532 nm, which is 
equivalent to the normal incidence with an effective wavelength of λeff = 570 nm. Dashed 
lines indicate the analytical dependencies according to Eq.(2). 
5. Perspectives 
Filtering performance of the multilayered wavy structure can be improved by further 
tuning the periods and the contrast of the refractive indexes, which is beyond the current 
fabrication possibilities. To observe and understand the effect of changing the transverse 
period 𝑑𝑥 , we performed numeric simulations of wavy structures having structural 
parameters same as in section 3. In this regard, operating wavelength is fixed as λ = 582 
nm and the zero-order transmission is computed for transverse periods 𝑑𝑥 between 835 
nm and 3340 nm. Corresponding incidence angle θi versus transverse period dx 
transmission map is given in Fig. 6(a). The angular filtering effect increases with the 
decrease of the transverse period for the specified wavelength value. For a better 
comparison, a cross-sectional profile of the transmittance map is calculated at 














profiles in Figs. 6(b) and 6(c) are compared with the profile in Fig.3(c) (structure with 
𝑑𝑥 = 1.67 µm), we see that the low-pass transmittance peak (between -10° and 10°) is 
getting sharper with the decrease of the transverse period. 
Thereafter, the zero-order transmittance angular filtering characteristic was computed for 
the structures with 𝑑𝑥=835 nm and 𝑑𝑥 = 564 nm. Results for varied wavelengths are 
shown in Fig. 6(d) and 6(g). For both cases, the cross sectional profiles are calculated for 
selected wavelengths (denoted by black solid lines) and presented in Fig.6. An even 
narrower transmittance peak is observed at λ = 641 nm for 𝑑𝑥 =835 nm. The cross-
sectional profile is presented in Fig. 6(f). Here, the filtering bands are broader and extend 
well beyond the incidence angles |θi| > 10°. Hence, for a more pronounced filtering effect 
that is appropriate for practical applications in the optical regime, the transverse periods 
should be ≲ 2⁡times smaller than our experimental test value 𝑑𝑥 = 1.67 µm.  
 
Figure 6. Zero-order angular transmittance maps (a) for the transverse period 𝑑𝑥 , when the 
probing wavelength λ is fixed at λ = 582 nm, (d) for λ, when 𝑑𝑥  = 835 nm, (c) for λ, when 
𝑑𝑥 = 564 nm. The middle and right columns show corresponding selected transmittance graphs 
for (b) λ = 582 nm and 𝑑𝑥 = 835 nm, (c) λ = 582 nm and 𝑑𝑥 = 564 nm, (e) λ = 587 nm and 














and 𝑑𝑥  = 564 nm. For all structures: 𝑑𝑧  = 240 nm, nH=1.42, nL=1.33, NL = 33. Dashed lines 
indicate the analytical dependences, Eg. (2). 
6. Conclusions 
Here, we demonstrated the signatures of spatial filtering in Bragg regime, based on 
periodic photonic microstructures fabricated by physical vapour deposition. Further 
developments need to be made for such structures to be of practical use, however the 
principle of angular filtering has been convincingly demonstrated. The main reason for 
the relatively weak filtering performance of our structures is the relatively large 
transverse periods. As evidenced by the Eq. (2), the filtering parabolas for each Bragg 
component cross at small angles; therefore, the narrow low-angle-pass transmission 
peaks could not be obtained. In order to show the potential, we present the calculations 
using the structures beyond the technological fabrication possibilities currently available 
by us. The master gratings required for these structures can be potentially fabricated 
using more advanced techniques, such as electron beam lithography. In this regard, the 
presented results in Section 5 show a promising case and evidences a perspective of 
practical application of the spatial filters being developed based on the idea promoted in 
the current article. The presented technology is highly flexible: the transverse period can 
be controlled from tens of nanometers to micrometers using different methods. 
Longitudinal period and optical constants can also be tuned precisely with thin film 
deposition methods. Additionally, the proposed spatial filter can be applied as a coating 
to any surface, indicating its high suitability to complex microlaser systems. 
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*Angular filtering by photonic crystals in a Bragg configuration was proposed.  
*Photonic microstructures were fabricated by physical vapour deposition. 
*Angle-wavelength transmission measurements show the signatures of spatial filtering 
*FDTD calculations predict that the filtering effect can be substantially enhanced 
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